Gamma and the chemical reaction model: fifteen years after by Banâtre, Jean-Pierre et al.
Gamma and the chemical reaction model: fifteen years
after
Jean-Pierre Banaˆtre, Pascal Fradet, Daniel Le Me´tayer
To cite this version:
Jean-Pierre Banaˆtre, Pascal Fradet, Daniel Le Me´tayer. Gamma and the chemical reaction




Submitted on 15 Dec 2005
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de










































































































;=/10#IwB<8þH2FGçIJ032 B<0 #/ NKÌ0#I/`ü@ýF/!ßØþ#K:Kþ'8:2
































































 W00àB<þ /$#=N;</JG<GåB<ýN/ &#/J;=Z -=8:PN/J0/èþ3ßW032 03K*




















































































#þ#;<8B=ýG!7è/ F;OGhBB<;=ZãB=þ Iþ#2 &#/JZçB<ýN/ N;<þ
H;<0^8:2

GhBhZqK:/çß¤0 &#þH;=/1P bZ  W00&B=ýN;<þ




















































































































































































































































































































































































   ﬀ -  !$ﬃ  +$
	%'+ ) ﬃ* "! #  "%'&&() ﬀ# +* &( +
ü@ýN/ã;</J0HP5/;0DZèýF0 &H/ 2Nþ#B=8ÌIﬂ/1P 0&2 ¨/J;ﬃ0à;=/1I$N;<;=/J2bB N;<þ
#;O0^8:2
%F03BB=/J;=2¨Gå8:2





#;O0GJE ﬀ/ I0^/ B=þ B=ýF/IﬂþH2FIﬂK*FG=8þH2óB<ýF0Bà0 &H/;<ZóG003K4
K2+ µ/;@þ3ß F;=þ
























































































































































































































































































































































)+.-  )	*- 	 &( &(!$ / ) &(ﬃﬀ1 &  - % - )!$ﬀ+
















































































ﬀ%  "	&( &(!$ / ) & ﬃ1  &(  - %'- ) ! ﬀ+
Dü@ýN/  W0^0^þ5P5/JKµIJ032ç03KÌG=þ7¨/?G/J/2ç0#G0

































































 ﬃ) ﬀ# ﬀ) + - )-  ﬀ+ )!$ﬀ+
ü@ýN/$ W0^0 N;<þ
























































































































































032 8:2N8yB<8:0#KS;O032]þ3ßþH2N/z7 ýN/2 B<ýN8ÌG ýF0HG4µ//J2 IﬂþNK:/ﬂB</JPE
i}l\
B<0[H/JGç0#2qZBﬀþ







































































































#;O0 ;=/ﬂF2N/!ﬃ/J2bBã032FP / N8&0#K/J2FIﬂ/&KÌ0 (G^ßØþH;(F0#;<0#KK:/K0#2FP G=/! N/2bB<8:0#KSIﬂþﬃ4
¨þbG8B=8:þ#2ÏE"qZâIﬂþ#2¨G8ÌP5/;<8:2


































































































































































































































































































































































































-   - 5 "	  %'&(&(%






















































































































































































































































































































































 B<ýN/8:2HB<;=þ5P=¨IwB=8:þ#2èþ3ß@0ã2F/ﬂ BhZ µ/GZ5GB=/ﬂIﬂþ#2N4
Iﬂ/;<2FG^B<ýN/àP5/1G8*













































































































ﬁ2 5 ! & + ﬃ   )ﬂ% - )!$ﬀ+ - !  %'&(&% ﬃ* "! #  "%'&(+

























































































572 þ#;OP5/;B=þﬀF;=þ'&H/^B=ýN/ B=/;)^82¨0B=8:þ#2âþ#ßB=ýN/ N;<þ
















âB<ýN/âP5/;<8&03B=8:þ#2 þ#ßå0 ﬀ/K:Ky4ÐßØþF2FP5/JP þ#;OP5/;<82+



























































































































































































































































































































B=ýN/ NKB=8ÌG/BW0#2FP!2Nþ(&D0#KF/ÊG=ýNþNKÌP µ/å;</ﬂ^þ'&#/1PãßØ;=þ B<ýN/ NKB=8ÌG/BN2FK/1G=G8yBW8:GB=ýF/
 NKB=8*NK:/ þ3ß(0#2Nþ3B<ýN/; &0#KN/3S2 B<ýN/çþ3B<ýN/;ÊýF032¨PEÏB<ýN/ 0#IﬂB=8:þ#2 G=ýNþFK:P /1GhBO0NK:8:G=ý B=ýF/




























































































































































































ü@ýN8:G &#/J;=Zç2¨0 *&#/W8*FK/!ﬃ/J2bB<0B<8þH2 5BOGßØþ#;)@03;OP(^þHGBþ#ß-B<ýN/ N;<þFK/!^G,ýN8:IOý	ýF0 &H/




NK:82FPà0N;<þH0HIOý­B=þçB<ýN8ÌG N;<þFK/! K:/J0HPNGB<þã032 F2HB<;<0HIwBO0NK:/
IﬂþNK:/$#58BhZ 5B 0èB<ýNþ#;<þ
Hý 0#2F03K:Z5G8ÌGﬃþ3ßSB=ýN/ µþHG<G8*NK:/!;=/JK:03B=8:þ#2FG=ýN8*FG¨/B`/J/2 B=ýF/
/K:/ﬂ^/2bB<GÊþ3ßB<ýN/(NKB=8ÌG/B^0#2FP B=ýF/ãG=ýF0µ/ þ#ßB=ýN/ã;=/10#IwB<8þH2 IﬂþH2FP58B=8:þ#2 0DZáK/10#P B<þ
8N;<þ'&#/!ﬃ/J2bB<GýF8:IOýãýN8
HýNK:Zﬃþ5B=8*^8 J/B<ýN/?/$#5/JIﬂ5B=8:þ#2 0#2FP3N;<þ5P=FI/?0HIIﬂ/!5B<0NK:/,¨/J;4







































































 -   - )!$ !  * ) #  	 !$ *!2!   " 1 % - ) ! *+*) ﬃﬀ+
ﬁNB<ýN/032F0#KZ5G=8:GSþ3ßB=ýN/ﬃ;=/10#IﬂB=8:þ#2
IﬂþH2FP58B=8:þ#2 0DZ N;<þ'&q8:P5/ã82NßØþ#;)^03B=8:þ#2 ýF8:IOý I032 ¨/ FG=/JP B=þáK8*^8yBﬃB=ýN/!G=/J0#;<IOý
GF¨0#Iﬂ/'LFþ#;ﬃ/$#N0NK:/#E'8B0DZáýF0µ/2ßØ;=þ B=ýN/­;=/10#IﬂB=8:þ#2 IﬂþH2FP58B=8:þ#2B=ýF03BÊþ#2FKZ
























	8:2 B=ýN/ãIOýNþ#8ÌIﬂ/þ#ß &03K*N/1GB=þ µ/ IOýN/1I#/1Pá0
H0#82FGBB=ýF/
;=/10#IﬂB=8:þ#2	Iﬂþ#2¨P58yB<8þH2­IJ032 ¨/7&H/;<ZßØ;)N8yB=ß NK 
12 8:2bB=/;</JGB=8:2





















































  ïô ô ï ïðøãðbø öFòMíéø ñùSð 	SñhöFï-÷Nñøù
ü@ýN/IOýN/ﬂ^8ÌI03K5;</J0HIwB<8þH2 ^þ5P5/KNý¨0#GG=/;)&#/JPÊ0#G'B<ýN/ F0#G=8:Gþ#ßµ0?2  µ/;þ#ß ﬀþ#;l5GU8:2&03;=4
8þFGEþ#ßÝB=/J2 F2N/$#=µ/JIwB</JPEU;=/1G/103;OIOýàP58:;=/1IwB=8:þ#2¨Gﬂ 572 F0#;B<8:IﬂNK:0#;JEM8ÌP5/J0HG¨þH;=;<þ'ﬀ/JP	ßØ;<þ




























V!/ﬂN;<0#2N/JG^0#;=/ FG=/JPâB<þ /2FIJ0FG0NKÌ0B=/	G=þ#K*5B=8:þ#2FG^0#2FP B<þàßØþH;<I/	;=/10#IwB<8þH2FGåB=þ þ5II$F;




















































































































;0FK/1G F;=/1G/J2HB</JPÊGþSß¤03;8:2åB<ýN/ F0µ/;ü@ýN/P5/$¨2N8yB<8þH2Êþ#ßµ0?GFµ/JI8µI `ý¨0 ;</! N8:;=/1G
B=ýN/WG0¨/1Iﬂ8¨I03B=8:þ#2 þ#ß-0åG=Zq2bB<0'#^ßØþH; ^þHK/1I$NK:/JGﬀ032FPçB=ýN/W0#G<G=þqI8:03B=/1P;=/10#IﬂB=8:þ#2ç;)NK:/JG!
1



















I0#2 ¨/ PN/JIﬂþ¨þbG/1Pè8:2bB=þ!Bﬀþ!8:2&H/;OG/;</KÌ0B<8þH2FG 032FP I03K:K:/JPá;=/1GFµ/JIﬂB=8*&#/4
KZâýF/J0B<82+
è032¨P Iﬂþqþ#K:8:2
à;)NK:/JG!'ü@ýN/ F;OGhBﬃþ#2N/1G F;=/10[âIﬂþFK/ﬂ# ^þHK/1I$NK:/JGÊ82bB<þ
GF0#KK:/;þH2N/JGJE6N;</ﬂF0#;=8:2

















































































 9\	 ag_I	 @ham	mi,[]p
a~ _I{	_I	 ^J[aga$^J	$	l	aam^g ; [fC	m^Ji}	19\	$^g t !Rhag] 
 b(\]	





cﬂagki}6x	$\]	 ag] m3[oag;[Z	$f]oaJ\ {m}ncd&t





























































































































































































































































































 \1cd^g,^J	m_I oa`a[oa[ZP	l {	


















ü@ýN/ ;</J0HIwB=8:þ#2UE ;<8yB=B=/J2a`2b dc'e
1






H;<0 P5/JIK:0#;=/1G0K:þqIJ03K&0#;=8Ì0NK:/kjSþ#ßG=ýF0¨/  Ê0#2FPﬃ82N8B=8Ì03K:8/JG
8yBB<þç0ÊþH2N/W/K:/ﬂ^/2bBI8;OI$NKÌ03;@K:8:GB!
 8j(c `2blc'e 
 Om
  Om9n Gcpom8bgfqm










  m  
 Om c2e 
 Om
  m  
 mn&c hm bgf m
ü@ýN/àIﬂþH2FP58B=8:þ#2 G=/K:/JIwBOGB<ýN/à0#PFP5;=/1G=G  µþ#8:2HB</JP B<þ qZ 
Ò0#2FP 8yBOG G0FII/JG<GþH;!9ü@ýF/














































!  -0ﬁ %  ",%  ﬀ) -   - * " +
1












^kam@hb[^J	}^J\ﬂ	cd^J	vpY{	i}	gav	N^J[_s	gag t  n^J {m_I	mi,
ﬀ

iwn]^gN`a	n b[^JCa[	ﬂt[	l	m^g&tL[oam n_Z	yRh}am@hb[^J	$oa uh^gi}_w{Cagoa
h^3 	am^g{m&tLZ[_	m&t!\]	gam	3	gag t ar
 üZ N8ÌI0#K@/$#N0NK:/JGﬃþ3ß?Gþ#ßÝBﬀ0#;=/­03;=4
IOýN8yB</JIﬂB0N;</JG0#;=/SB=ýN/ -<IﬂK:8/J2bB47G/J;0&H/;þH;0



















































































































































































































































































PN/$F2N/1GÊ0èIﬂþH;=;</JG0¨þH2FP5/J2FIﬂ/3µ/ﬂBﬀ//J2  FKyB<8:G=/ﬂBOG 
H/2N/J;<03B=/JP qZ





























































































































































































































































 0DZ µ/;</! N8:;=/1P6 572^B<ýN8ÌG9ßØ;O0^/ﬂﬀþ#;lME




















































































































































































































þ3ß@ NKB=8ÌG=/ﬂB;F2N8µI0B<8þH2&032FP!0 I03;</ﬂß FKÏ82bB</ﬂ
#;O0B<8þH2.8yB<ý!B=ýN/åþµ/;O0B=8:þ#2¨03KUG=/ﬂ032bB<8:IJG
þ3ß






















ýN8ÌIOý IJ032 8yBOG/JKyßµ/&G/J/2 0#G0#2 /JK:0¨þH;<03B=8:þ#2Òþ#2ÒB=ýN/%¨0#G=8:I	IOýN/!ﬃ8ÌI0#K;=/10#IﬂB=8:þ#2





































 0á;=/JK:03B=8:þ#2 ¨/B`/J/2 /2bB<8yB<8/1Gﬂ ü@ýF/
GhBO0B</èI0#2 µ/áIOýF0#2
































































































0 &D0#KF/	ßØ;=þ B=ýF/!B0FK/áGFF0HIﬂ/ TÏ8:2FPN0 8ÌGç0 &H/;<Z /K:/ﬂ
b032bB






























^/ﬂB=ýFþqPI032 µ/	G/JK/1IwB=/1P 8yß(8B<GÊýN/10#P 0BOIOýN/JGB=ýN/ 
#þH0#KIﬂþH;=;</JG0µþ#2FP58:2
	B<þ&B=ýF/
þ=h/1IwBå8:2â8B<GåIﬂN;<;=/J2HBåGB<03B=/-ü@ýN/çýF/J0#P þ#ß(0­ßØþ#;) NKÌ0!I0#2 03KÌGþ.µ/ãG=//2â0HGB=ýF/
G/Bﬃþ#ß(;=/1GþN;OIﬂ/JGåIﬂþ#2¨GF^/1P qZèB<ýN/	0NK:8ÌI0B<8þH2 þ3ßB<ýN/ ﬃ/B=ýNþ5P

032¨P B=ýN/ãB<0#8K











































I03KÌI$FKFG@8ÌG	FG=/JP B=þ/ﬂ#=N;=/1G=G`B<ýN/GZ ¨þHK8ÌIWIﬂþNB<0B<8þH2ã8:2 &#þHK&H/JPã82ãB=ýN/;</J0HIwB<8þH2FGﬂ
1
G(0^IﬂþH2FIﬂK*FG=8þH2ÏEﬀ/WýNþµ/WB=ýF03B(B=ýF8:G	¨0µ/;(ýF0HGGýFþ'2 B<ýF0B(B<ýN/IOýN/!ﬃ8ÌI0#K;=/10#Iﬂ4














































































































































































































































































































































































































































































































































































































































ÜÝ× 4'Ó<×ÝÙ1Ú Ï× GOÕ=oﬂ°Hr_ir
be!ﬀe=Ç ﬃe<#ay<Ł=o5²`lbl#ayg7ŁJ_H T	e<g7xye=oFOÈ1È31oqtHt¨±Nﬂ{ÈÐ~J|JÈ#±
























































































































































































































































































































































ÞÖÙJÜÝ×ØÓÜ D q×ÌßÙJß AG7JÕUÕ=Ü¤ÙÜÝ×ØÞJßboHad_^p'ŁŁflHad_qrﬂihadŁ1_#TfhŁ1¯frJsW
sad_b¯@MﬃeOqr_badg7sgOo6ﬃŁ3lHeOxdg`rJ_ql^°#eOsr_3ihadOgOo#nst5e<fhayrJx¨p'Ł1xdxdeO¯1e TfheOg7gOoµOÈ1È1É3±








































































































































ÖG#Ú ÜÝ× 7 bÕ
E
C=GOÞ
Û
ÖÙ1Ú ×
E
ÙJÜÝ×ÝÞJßáÕ=ÜL7 Õ
Û
× 4'ÓhÙJÜÝ×ØÞJß AÕ
ÓhÞﬂÔ$Õ
Û
Õ=ßqÓÕ=o=TUH ihbeOg7adgOoH]ﬀ_Hayc1e<fhg7aji#ke(lHe@meO_b_HeOg@1oq~J|J|1|3±
{}#±>ã±Ïm`e<s^oE
EE
ÞwÓ<×ØÞJß
E
CﬀÙD
Û
Þ	
Û
ÙJÖ ßqÞJÜ¤ÙJÜÝ×ØÞJß
ﬂ
×:Ü:Ô&Ü'5ÚyÕ
E
×Ìß
E
ÜÕ7Ù A!ÞHGD7Ù
Û
×ØÙ

ÚyÕ
E
o-²p
¬
frJ_HgO±bŁJ_0TfhŁ1¯Jfrssad_b¯¨rJ_b¯Juqr¯1eOg`rJ_bl^°3#g®iheOsgOo#UŁ1xÝ±Hz#o z#oqtbt¨±b~J{3<Ð~É#1oµwÈ131±
{1{±>ã±'me<#_bŁJxylHgOo>KNÕ=Ö#Þ
Û
Ù1Ú
E
Õ=ÖÙJßHÜÝ×ØÓ
E
GOÞ
Û
?9ÙJÖSÖÙJo-ad_âp'ŁŁflHad_qrﬂihayŁJ_ TÏfhŁJ¯Jfrssay_H¯@M
ﬃeOqrJ_Hadg7sgOo"ﬃŁ3l#eOxdgﬀr_ql^°3eOsrJ_ihadOgOoHnÐst5e<fhayrxµp'ŁJxdxye<¯1e TÏfheOg7gOo¨wÈJÈ1É#±
{JÉ3±m±q°#eOlH¯1e=Ç9ayæ5oZE`Ú DÞ
Û
×ÌÜ:ÔÖ
E
×Ìßob²ﬀlHlHadg7Ł1_# T	eOg7xde<åtbuHÑbxdadg7bad_b¯SOŁ1stbrJ_oNwÈJÈ1|#±
{1±LT ± BT±blHemŁeOcDe=fwo$ÔD:GOÞ
Û
ÖÙJÚFÖÕ=Ü:ÔHÞBA
E
Ù
Û
ÕÙÖ 
E
Ü=GOÞ
ÛÛ
Õ7Ù1Ú ØÜÝ×ÌÖÕ
E
D
E
ÜÕ=Ö
E
HÕ7Ó<× 4-ÓhÙ 
ÜÝ×ØÞJßHobad_
%
Û
ÞwÓ'& ﬂ
Û
ÞJÖ?×ØÓ
Û
ÞCY [
	1o'TrJ_HeOx¨lHadg7Oubg7g7adŁJ_¨o
S
ub_beWOÈ1È1~3o5²ihHeO_bgO±
{J3±PWS±1m`uHaKvrﬂf7fr1lHrJgOoFßNÕ@Ù*R
Û
ÞwÓÔbÕ

ÙSÚdÙA Õ
Û
×ﬀ7ÙÜÝ×ØÞJß	G<Þ
Û
ÖÕ<ÚÌÚyÕ AÕ
E
D
E
Ü

Õ=ÖÕ
E
Õ=ß(?9ÙJÖSÖÙJo
¬
beOg7adgOob]ﬀ_badcDe=fhg7adiåŁJËmeO_b_HeOg@1o
S
ubxjçwÈJÈ1z3±
{JÈ3±?±1°Hr_qlHgOoREÒÓhÞJÖ9#Þ
E
×ÌÜÝ×ØÞJßqÙ1Ú
E
Õ=ÖWÙJßbÜÝ×ØÓ
E
ÞHG9ÓÞÖ

×ÌßH×Ìß9GOÞ
Û
Ö
E
GOÞ
Û
?9ÙJÖSÖÙ=
Û
Þ	
Û
ÙJÖ
E
o1ad_
%
Û
ÞwÓ'&-ÞHGÜ:ÔbÕP
µÞ
Û
ÖWÙ1Ú3?­Õ=Ü:ÔHÞBA
E
×:ß
%
Û
Þ	
Û
ÙJÖ?ÖS×Ìß^Ùß=AåÜ:ÔHÕ=×
Û
E=RqÚ ×ØÓhÙJÜÝ×ØÞJß
E
ÓhÞJß GwÕ
Û
Õ=ßqÓÕ=o
!ﬀŁﬂcDŁJg7ayÑHajfhg7æNoFwÈJÈ1z3oF°#t#fhay_H¯1e<f9Ue<fhxyrJ¯#o53!p°ﬃzD{oqtbtF±#}DzÐ{É#±
É1|3±?±Ï°#rJ_blHgOoLUÞJÖ9#Þ
E
Õ A
Û
Õ A1HÓ<ÜÝ×ØÞJß
E
D
E
ÜÕ=Ö
E
oUad_àp'ŁŁJfl#ay_brihadŁ1_TfhŁ1¯Jfrssad_b¯@MﬁﬃeO=br
_badg7sgOo6ﬃŁ3lHeOxdg`rJ_qlﬃ°#eOsr_ihay<gOoHnst5e<fhayrJxµp'Ł1xdxdeO¯1e TfheOg7gOoµOÈ1ÈJÉ#±
É#J±(U±w-rJ_(²e<f7i7f7#=æ`rJ_blHS±OmaylHŁ1u#No?9ÙJÖSÖÙ1ÚdÞ	Ù
E
DÞwÙ1Ú  AJ×
Û
Õ7Ó<ÜÕA
Û
ÞwÞHG
E
oﬂad_3ihe=fh_qrJxfheOt5ŁJf7iw±
ÉD~±>ã±D`aye<ayxdxdŁJiwo:DßbÜ:Ô

Õ
E
Õ	AÕﬁ
Û
Þ	
Û
ÙÖ?ÖÕ
E
?9ÙJÖSÖÙ?Õ=ßÊÚdÞ	J× /qÕ
Û
Õ7ÓhÞJß 4C1
Û
Ù

ÚyÕ=o
¬
eOb_HauHe
e<iﬀ°#OadeO_HOenÐ_#ËÌŁfhsrihayubeOgOo#UŁ1xÝ±¨<}Hobtbt¨±b{ÉDﬂÐ{J}HoµwÈ1È1{3±
